In this conference report a summary is given on the recent theoretical work that has contributed to improve the theoretical predictions for testing the standard model in present and future experiments. Precision calculations for the Z resonance are reviewed and the status of the standard model is discussed in the light of the recent top discovery and of the results from precision experiments. Furthermore, theoretical progress for the Higgs search, for W physics at LEP II, and for the anomalous magnetic moment of the muon is summarized. New Physics beyond the minimal model is briefly discussed, in particular the mimimal supersymmetric standard model in view of the recent electroweak precision data.
Introduction
The present generation of high precision experiments imposes stringent tests on the standard model of electroweak and strong interactions 1 . Besides the impressive achievements in the determination of the Z boson parameters 1,2 and the W mass 3 , the most important step has been the confirmation of the top quark at the Tevatron 4, 5, 6 . Its mass determination by the CDF collaboration 4 yields m t = 176 ± 8 ± 10 GeV and by the D0 collaboration 5 : m t = 199 +19 −21 ± 22 GeV, resulting in an weighted average of m t = 180 ± 12GeV .
(
The high experimental sensitivity in the electroweak observables, at the level of quantum effects, requires the highest standards on the theoretical side as well. A sizeable amount of work has contributed over the last few years to a steadily rising improvement of the standard model predictions pinning down the theoretical uncertainties to a level sufficiently small for the current interpretation of the precision data, but still sizeable enough to provoke conflict with a further increase in the experimental accuracy.
In this report we review the recent theoretical work which has provided the current theoretical basis for tests of the standard model at present and future colliders. A detailed description of the standard model predictions for observables around the Z peak can be found in the Working Group report on 'Precision Calculations for the Z Resonance'
7 (see also the talk by Bardin at this conference 8 ). This is followed by a discussion of the present status of the standard model in the light of the recent experimental results. Afterwards we report on theoretical progress in the study of Higgs and W W physics, and for g-2 for muons. A short discussion of the status of the MSSM concludes this presentation.
Theory for precision tests

Radiative corrections
The possibility of performing precision tests is based on the formulation of the standard model as a renormalizable quantum field theory preserving its predictive power beyond tree level calculations. With the experimental accuracy in the investigation of the fermion-gauge boson interactions being sensitive to the loop induced quantum effects, also the more subtle parts of the standard model Lagrangian are probed. The higher order terms induce the sensitivity of electroweak observables to the top and Higgs mass m t , M H and to the strong coupling constant α s .
Before one can make predictions from the theory, a set of independent parameters has to be determined from experiment. All the practical schemes make use of the same physical input quantities
for fixing the free parameters of the standard model. Differences between various schemes are formally of higher order than the one under consideration. The study of the scheme dependence of the perturbative results, after improvement by resumming the leading terms, allows us to estimate the missing higher order contributions.
Two fermion induced large loop effects in electroweak observables deserve a special discussion:
• The light fermionic content of the subtracted photon vacuum polarization
corresponds to a QED induced shift in the electromagnetic fine structure constant. The recent update of the evaluation of the light quark content by Eidelman, Jegerlehner 9 and Burkhardt, Pietrzyk 10 both yield the result (∆α) had = 0.0280 ± 0.0007 and thus confirm the previous value of 11 with an improved accuracy. Other determinations 12,13 agree within one standard deviation. Together with the leptonic content, ∆α can be resummed resulting in an effective fine structure constant at the Z mass scale:
The correlation between the masses M W , M Z of the vector bosons in terms of the Fermi constant G µ , in 1-loop order given by 19 :
The decomposition
separates the leading fermionic contributions ∆α and ∆ρ. All other terms are collected in the (∆r) remainder , the typical size of which is of the order ∼ 0.01.
The presence of large terms in ∆r requires the consideration of higher than 1-loop effects. The modification of Eq. (10) according to
accommodates the following higher order terms (∆r in the denominator is an effective correction including higher orders):
• The leading log resummation 20 of ∆α: 1 + ∆α
• The resummation of the leading m 2 t contribution 21 in terms of ∆ρ in Eq. (6) . Beyond the G µ m 2 t α s approximation through the ρ-parameter, the complete O(αα s ) corrections to the self energies are available from perturbative calculations 22 and by means of dispersion relations 23 . All the higher order terms contribute with the same positive sign to ∆r, thus making the top mass dependence of ∆r significantly flatter. This is of high importance for the determination of an upper bound on m t from M W measurements, which is affected by the order of 10 GeV. Quite recently, also non-leading terms to ∆r of the type
have been computed 24 . For m t = 180 GeV they contribute an extra term of +0.0001 to ∆r and thus are within the uncertainty from ∆α.
• With the quantity (∆r) remainder in the denominator non-leading higher order terms containing mass singularities of the type α 2 log(M Z /m f ) from light fermions are also incorporated 25 .
Z boson observables
Measurements of the Z line shape in e + e − → ff yield the parameters M Z , Γ Z , and the partial widths Γ f or the peak cross section
Whereas M Z is used as a precise input parameter, together with α and G µ , the width, partial widths and asymmetries allow comparisons with the predictions of the standard model. The predictions for the partial widths as well as for the asymmetries can conveniently be calculated in terms of effective neutral current coupling constants for the various fermions.
Effective Z boson couplings: The effective couplings follow from the set of 1-loop diagrams without virtual photons, the non-QED or weak corrections. These weak corrections can conveniently be written in terms of fermiondependent overall normalizations ρ f and effective mixing angles s 2 f in the NC vertices 26 :
ρ f and s 2 f contain universal parts (i.e. independent of the fermion species) and non-universal parts which explicitly depend on the type of the external fermions. In their leading terms, incorporating also the next order, the parameters are given by
with ∆ρ from Eq. (6). For the b quark, also the non-universal parts have a strong dependence on m t resulting from virtual top quarks in the vertex corrections. The difference between the d and b couplings can be parametrized in the following way
with the quantity
calculated perturbatively, at the present level comprising: the complete 1-loop order term 27 with x t from Eq. (5):
16,28
where
and the O(α s ) correction to the log m t /M W term in (17) , with a numerically very small coefficient 30 .
Asymmetries and mixing angles:
The effective mixing angles are of particular interest since they determine the on-resonance asymmetries via the combinations
Measurements of the asymmetries hence are measurements of the ratios
or the effective mixing angles, respectively.
Z width and partial widths:
The total Z width Γ Z can be calculated essentially as the sum over the fermionic partial decay widths
The dots indicate other decay channels which, however, are not significant. The fermionic partial widths, when expressed in terms of the effective coupling constants read up to 2nd order in the (light) fermion masses:
The QCD correction for the light quarks with m q ≃ 0 is given by
For b quarks the QCD corrections are different due to finite b mass terms and to top quark dependent 2-loop diagrams for the axial part:
The coefficients in the perturbative expansions
depending on m b and m t , are calculated up to third order in the vector and up to second order in the axial part 32 . Radiation of secondary fermions through photons from the primary final state fermions can yield another sizeable contribution to the partial Z widths which, however, is compensated by the corresponding virtual contribution through the dressed photon propagator in the final state vertex correction. For this compensation it is essential that the analysis is inclusive enough, i.e. the cut to the invariant mass of the secondary fermions is sufficiently large 33 .
Status of the standard model predictions
For a discussion of the theoretical reliability of the standard model predictions one has to consider the various sources contributing to their uncertainties:
The experimental error propagating into the hadronic contribution of α(M 2 Z ), Eq. (3), leads to δM W = 13 MeV in the W mass prediction, and δ sin 2 θ = 0.00023 common to all of the mixing angles, which matches with the future experimental precision.
The uncertainties from the QCD contributions, besides the 3 MeV in the hadronic Z width, can essentially be traced back to those in the top quark loops for the ρ-parameter. They can be combined into the following errors 34 , which have improved due to the recently available 3-loop result:
δ(∆ρ) ≃ 1.5 · 10 −4 , δs 2 ℓ ≃ 0.0001 for m t = 174 GeV, and slightly larger for heavier top.
The size of unknown higher order contributions can be estimated by different treatments of non-leading terms of higher order in the implementation of radiative corrections in electroweak observables ('options') and by investigations of the scheme dependence. Explicit comparisons between the results of 5 different computer codes based on on-shell and M S calculations for the Z resonance observables are documented in the "Electroweak Working Group Report" 35 in ref.
7 (see also the talk by Bardin 8 ). The typical size of the genuine electroweak uncertainties is of the order 0.1%. The following table shows the uncertainty in a selected set of precision observables. In particular for the very precise s 2 e the theoretical uncertainty is still remarkable. Improvements of the accuracy displayed in table 1 require systematic electroweak and QCD-electroweak 2-loop calculations. As an example for the importance of electroweak non-leading 2-loop effects, an explicit calculation of these terms has been performed for ρ (the overall normalization) in neutrino scattering 36 
1.6 × 10 Low angle Bhabha scattering for a luminosity measurement at 0.1% accuracy still requires more theoretical effort. For a description of the present status see the contributions by Jadach et al. and other authors in 7 . Presently an accuracy of 0.16% has been claimed 37 .
Standard model predictions versus data
In table 2 the standard model predictions for Z pole observables and the W mass are put together. The first error corresponds to the variation of m t in the observed range (1) and 60 < M H < 1000 GeV. The second error is the hadronic uncertainty from α s = 0.123 ± 0.006, as measured by QCD observables at the Z 39 . The recent combined LEP results 1 on the Z resonance parameters, under the assumption of lepton universality, are also shown in table 1, together with s 2 e from the left-right asymmetry at the SLC 40,1 . The value for the leptonic mixing angle from the leftright asymmetry A LR has come closer to the LEP result, but due to its smaller error the deviation from the cumulative LEP average is still 3σ. Significant deviations from the standard model predictions are observed in the ratios R b = Γ b /Γ had and R c = Γ c /Γ had . The experimental values, together with the top mass (1) from the Tevatron, are compatible with the standard model at a confidence level of less than 1% (see 1, 38 ), enough to claim a deviation from the Standard Model. The other precision observables are in perfect (see  table 2 ). Moreover, the value obtained for α s at M Z coincides with the one measured from others than electroweak observables at the Z peak 39 .
The main Higgs dependence of the electroweak predictions is only logarithmic in the Higgs mass. Hence, the sensitivity of the data to M H is not very pronounced. Using the Tevatron value for m t as an additional experimental constraint, the electroweak fit to all data yields M H < 600 GeV with approximately 95% C.L. 
The mixing angle coincides with the result on s 
Future tests of the Standard Model
Higgs bosons
The minimal model with a single scalar doublet is the simplest way to implement the electroweak symmetry breaking. The experimental result that the ρ-parameter is very close to unity is a natural feature of models with doublets and singlets. In the standard model, the mass M H of the Higgs boson appears as the only additional parameter beyond the vector boson and fermion masses. M H cannot be predicted but has to taken from experiment. The present lower limit (95% C.L.) from the search at LEP 49 is 65 GeV. Indirect determinations of M H from precision data have already been discussed in section 3. The indirect mass bounds depend sensitively on small changes in the input data, and their reliability suffers at present from averaging data points which fluctuate by several standard deviations. As a general feature, it appears that the data prefer light Higgs bosons.
There are also a theoretical constraints on the Higgs mass from vacuum stability and absence of a Landau pole 50 52 . The QCD corrections for Higgs production at the LHC has been completed 57 , with the result of a significant enhancement by the next order QCD contributions.
Higgs signal versus background studies were performed for the process e + e − → bbℓl at tree level order, both (semi-)analytically 58 and by Monte Carlo methods 59 . Current work is going on in the topical LEP200 Workshop. An overview with more details on the present theoretical status of Higgs physics can be found in these proceedings 60 .
W bosons
W mass measurements at LEP2 with an error of about 40 MeV and tests of the trilinear vector boson self couplings 61 require standard model calculations for the process e + e − → W + W − → 4f and the corresponding 4-fermion background processes at the accuracy level of 1%. A status report can be found in ref. 62 . One of the specific problems in the theoretical description of the production process for off-shell W bosons is the presence of the width term in the W propagator which violates gauge invariance, yielding gauge dependent amplitudes. As a solution it has been proposed 63 to take into account also the imaginary part in the W W γ vertex from the light fermion triangle loops. This prescription is in accordance with gauge invariance and cures the Ward identities between 2-and 3-point functions involving W ± and γ.
g-2 for muons
The anomalous magnetic moment of the muon,
provides a precision test of the standard model at low energies. Within the present experimental accuracy of ∆a µ = 840 · 10 −11 , theory and experiment are in best agreement, but the electroweak loop corrections are still hidden in the noise. A new experiment, E 821 at Brookhaven National Laboratory 64 , is being prepared for 1996 to reduce the experimental error down to 40 ± 10 −11 and hence will become sensitive to the electroweak loop contribution, which at the 1-loop level 65 amounts to 195 · 10 −11 . For this reason the standard model prediction has to be known with comparable precision. Recent theoretical work has contributed to reduce the theoretical uncertainty by calculating the electroweak 2-loop terms 66, 67, 68 and updating the contribution from the hadronic photonic vacuum polarization which agrees within the error with the result of 69 . The main sources for the theoretical error at present are the hadronic vacuum polarization and the light-by-light scattering mediated by quarks, as part of the 3-loop hadronic contribution 70, 71 . Table 3 shows the breakdown of a µ . The hadronic part is supplemented by the higher order α 3 vacuum polarization effects 72 but is without the lightby-light contribution, where the situation is unclear at present.
The 2-loop electroweak contribution turns out to be as big in size as the expected experimental error. The dominating theoretical uncertainty at present is the error in the hadronic vacuum polarization which can only be improved by new measurements of the cross section for e + e − → hadrons in the low energy range. But also the the contribution involving light-by-light scattering needs clarification in order to reduce the theoretical error. 
The top mass is affected only marginally, shifting the central value by +3 GeV, but the impact on α s is remarkable.
Virtual New Physics:
The generalization of the aforementioned method consists in the parametrization of the radiative corrections originating from the vector boson self-energies in terms of the static ρ-parameter ∆ρ(0) ≡ ǫ 1 and two other combinations of self-energies, ǫ 2 and ǫ 3 74,75 . This allows a more general analysis of the electroweak data which accommodates extensions of the minimal model affecting only the vector boson self-energies. A further quantity ǫ b has been introduced 75 in order to parametrize specific non-universal left handed contributions to the Zbb vertex via
There is a wide literature 76 in this field with various conventions.
Phenomenologically, the ǫ i are parameters which can be determined experimentally from the electroweak precision data. An updated analysis 77 on the basis of the recent electroweak results presented at this conference 1 yields for ǫ b the value ǫ b = 9.9 ± 4.5 (SM : −6.6)
The large difference to the standard model value is an another way of visualizing the deviation between the measured and predicted number for the ratio R b (table 2) .
The minimal supersymmetric standard model (MSSM):
The MSSM deserves a special discussion as the most predictive framework beyond the minimal model. Its structure allows a similarly complete calculation of the electroweak precision observables as in the standard model in terms of one Higgs mass (usually taken as M A ) and • R c can hardly be moved towards the measured range.
• R b can come closer to the measured value, in particular for lightt R and light charginos.
• α s turns out to be smaller than in the minimal model because of the reasons explained in the beginning of this section.
• There are strong constraints from the other precision observables which forbid parameter configurations shifting R b into the observed 1σ range.
For obtaining the optimized SUSY parameter set, therefore, a global fit to all the electroweak precision data (including the top mass measurements) has to be performed, as done in refs. 82, 84 . Figure 1 displays the experimental data normalized to the best fit results in the SM and MSSM, with the data from this conference 84 . For the SM, α s identified with the experimental number, therefore the corresponding result in Figure 1 is centered at 1. The most relevant conclusions are: (i) The difference between the experimental and theoretical value of R b is diminished by a factor ≃ 1/2, (ii) the central value for the strong coupling is α s = 0.110 and thus is very close to the value obtained from deep inelastic scattering, (iii) the other observables are practically unchanged, (iv) the χ 2 of the fit is slightly better than in the minimal model.
Conclusions
The experimental data for tests of the standard model have achieved an impressive accuracy. In the meantime, Still impressive is the perfect agreement between theory and experiment for the whole set of the other precision observables. SUSY can improve the situtation due to an enhancement of R b by new particles in the range of 100 GeV or even below, but it is not possible to accomodate R c . Within the MSSM analysis, the value for α s is close to the one from deep-inelastic scattering. In the QCD sector, a deviation from the theoretical expectation in the inclusive jet cross section at the Tevatron has been reported 85 in terms of a significant excess of jets with E T > 200 GeV compared to the NLO QCD prediction. It is, however, too early to draw conclusions about new physics from that.
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